Abstract: This work presents a novel wound rotor synchronous machine with dampers with dual three-phase open-end stator windings. The aim of the proposed machine is to improve the power segmentation and the availability of the drive system. The mathematical model of this machine is presented in the Park reference frame. This machine is supplied by four 2-level inverters, where each inverter is dimensioned for quarter power of the machine. For comparison purposes, we use a double star synchronous machine fed by two 2-level inverters. Comparative simulation analysis using THD voltage, THD stator current, and torque undulation showed significant advantages of the proposed machine.
Introduction
Synchronous machines are widely used in industry, particularly permanent magnet synchronous machines. These machines are essentially present for low and medium power. For high power, wound rotor synchronous machines are mainly used in the field of production of electrical energy [1] . Obviously, the association of the converters with these machines remains a problem because of the cutting frequency limitation. Several searches were carried out at levels of the converter in order to remedy this problem using multilevel inverters with topology NPC, flying-capacitor, and cascaded H-bridge inverter [2] [3] [4] [5] [6] . Other research has presented solutions at the levels of the stator windings structures such as multiphase machines and multistar machines [7] [8] [9] [10] [11] [12] [13] [14] [15] . In recent years, the open-end winding machine, which is proposed by Stemmler and Geggenbach [16] , is presented in [17] [18] [19] [20] . Next, the multiphase open-end winding machine structure with five-phase open-end winding configuration is presented in [21] . Furthermore, new publications have presented a novel machine structure, which is a threephase dual open-end winding induction machine fed by four voltage source inverters [22, 23] . This machine offers power segmentation and improves the reliability and availability of the drive system. In particular, it increases the liberty degrees in degraded mode.
Then the authors present a novel structure of dual open-end stator windings synchronous machine "DOEWSM" with salient-pole wound rotor with damper windings. Such a stator windings structure is shown in Figure 1 . In the first part, the modelling of the dual three-phase open-end stator windings synchronous machine with damper windings is presented in Park (d, q) reference frame. The simulation model of the machine for voltage supply is implemented in MATLAB Simulink environment.
In the second part, the feeding of the machine by four three-phase 2-level inverters based on PWM control strategy is presented. The different obtained results of the THD voltage, THD stator current, and torque undulation are compared with the double star synchronous machine "DSSM". Finally, the influence of damper windings for "DOEWSM" is shown by the simulation results of speed and torque.
Modelling of the dual open-end windings wound rotor synchronous machine with dampers in
Park reference frame
Park transformation allows reproduction of the magnetic state created by the three-phase system by means of an equivalent two-phase system. Indeed, three-phase stator magnitudes shifted of 120 • (S11, S12, S13) and (S21, S22, S23) as shown in Figure 2 are brought to the two-phase magnitudes in the reference frame of Park (d, q) rotating at the speed ω r, which allows removal of the no-linearity. The winding rotor is not transformed. -The stator windings m.m.f. is in sinusoidal space distribution.
-The saturation of the magnetic circuit, the hysteresis, and the eddy currents are neglected.
-The skin effect that increases resistances and decreases inductances is neglected.
The flux equations in matrix form on the axis (d, q): The voltage equations in the reference frame (d, q) are
with 
where R s is the resistance of the stator, R f is the resistances of the excitation winding of rotor, R kd and R kq 
Simulation model of the "DOEWSM"
If the "DOEWSM" is supplied by four voltage sources, the mathematical current model is written in (d, q) reference frame ( ω r = ω dq ), and described by the following state equation representation:
with
The functional diagram is given in Figure 4 . 
The state matrix [A]is
The
The matrix [C]is
The mechanical equation is given by the following relationship:
The general expression of the electromagnetic torque is
Supply of the machine by three-phase 2-level inverters
The simulation model of the proposed machine is validated in MATLAB Simulink environment. Each entry of stator winding is supplied by a three-phase 2-level inverter, as shown in Figure 5 . We used carrier PWM for control inverters. The strategy PWM involves the use of six reference voltages of frequency fs = 50 Hz; the three reference voltages (Vs 11 , Vs 12 , and Vs The reference voltage signals with carrier triangular for control inverters to supply the machine are shown in Figure 7 . Figure 8 shows the voltage (Vs 11 -Vs 12 ), (Vs 21 -Vs 22 ) and phase-to-phase voltage (U A ) of stator windings A, which is 3 levels to supply with two three-level inverters, the same simulation results for the voltages of stator winding B. We used carrier PWM for control inverters with carrier frequency fp = 5000 Hz, We also modeled and simulated the double star synchronous machine " DSSM " with damper winding to compare with the proposed machine. The evolution of the currents, speed, and torque T em for the two machines for the power P = 40 kW is shown in Figure 9 . At t = 0 s to t = 1 s, the system has a starting cycle Figure 9 . Evolution of the currents, speed, and torque.
in which the machine is working in no-load condition. At time t = 1 s, the impact of torque Tr = 150 Nm is applied. At time t = 2s, the no-load torque is applied. Figure 10 shows the waveform and the harmonic content of the phase-to-phase machine voltage with THD voltage = 70.06% of the machine "DSSM" and THD voltage = 44.05% of the machine "DOEWSM". In order to analyze the torque undulations, we defined ∆ Tem by the expression Figure 11 shows the enlarging effect of the torque during the permanent mode for a load torque Tr = 150 Nm. The simulation results of stator current of the two machine structures "DSSM" and "DOEWSM" during the starting and permanent mode are shown in Figure 12 .
The zoom of evolution of stator current of the two machines in permanent mode is given in Figure 13 . Figure 14 shows the waveform and the harmonic content of the stator current with THD current = 2.27% of the machine "DSSM" and THD current = 0.65% of the machine "DOEWSM". The machine "DOEWSM" offers a better THD stator current and extended bandwidth. The enlarging of the bandwidth shown in Figures 10 and 14 is due to the feeding of the machine by phase opposition voltages, more precisely the PWM strategy in phase opposition used for the control of inverters A1 and A2, even for inverters B1 and B2. To view the influence of the proposed machine with damper windings, we also simulate the same machine without damper windings. Figure 15 shows the simulation results of speed and torque in starting mode when we note the decreases in the undulation of speed and torque for a machine with dampers. Figure 15 . Influence of the dampers for the "DOEWSM". Table 1 summarizes the THD voltages (%), THD stator current (%), and torque undulation (%) for the two machine structures with P = 40 kW and load torque Tr = 150 Nm. The power inverters for assuring the supply to each machine are also shown in the table. Furthermore, the novel dual open-end winding synchronous machine is a good solution for power segmentation because of the feeding of this machine by four inverters. Each inverter is dimensioned to a quarter power of the machine.
The characteristics of the synchronous machine are shown in Table 2 . 
Conclusion
Modeling is presented that describes the operation of a salient-pole wound rotor dual open-end stator winding synchronous machine with damper windings fed by four 2-level inverters based on PWM control strategy.
The simulation results of the dual three-phase open-end winding synchronous machine compared with the double star synchronous machine using THD voltage, THD stator current, and torque undulation allow us to increase the level of machine voltage, give best torque quality, and improve THD voltage and THD stator current of the machine, as well as extend the bandwidth.
